A PCR-restriction fragment length polymorphism (RFLP) analysis method that analyzes a part of the dnaJ gene was designed for the rapid and accurate identification of Staphylococcus spp. XapI or Bsp143I digestion of the PCR-generated products rendered distinctive RFLP patterns that allowed 41 reference species and subspecies to be identified with a high degree of specificity. The novel method was validated by the identification of 23 clinical staphylococcal strains, and the results were compared with those obtained by other genotypic identification methods. A 100% concordance of the results was shown. Therefore, PCR-RFLP analysis of the dnaJ gene is proposed as a reliable and reproducible method for the identification of Staphylococcus spp.
Staphylococci are widely distributed in various environments. Natural populations are associated with the skin, skin glands, and mucous membranes of humans and many animals alike. They are sometimes found in the intestinal, genitourinary, and upper respiratory tracts of these hosts. They have also been isolated from animal products and other sources, such as soil, sand, seawater, fresh water, dust, and air (9) . So far, 40 species of the genus Staphylococcus have been identified (excluding Staphylococcus pulvereri as a separate species), 10 of which contain subdivisions with subspecies designations.
Although Staphylococcus aureus is clinically the most significant Staphylococcus species, as it causes many types of infections, other coagulase-negative staphylococci (CoNS) are increasingly becoming recognized as etiologic agents of medical device-related infections in humans, as well as different types of infections in farm and pet animals. Consequently, it is becoming increasingly important to accurately identify these isolates to the species level in order to define the clinical significance of the bacteria in question, to carry out proper epidemiologic observations, and to manage CoNS-infected patients with relapses. A variety of manual and automated methods based on phenotypic characteristics have been developed for the identification of staphylococci, including conventional identification methods and several methods that use commercial kits. Unfortunately, the overall accuracies of these systems are low and range from 50 to 70% (6, 8, 15, 16) . Moreover, conventional reference methods are too laborious and timeconsuming to be used in clinical laboratories. Several problems associated with the systems mentioned above result from the variability in the expression of metabolic activities and/or the morphological features of some staphylococcal species (4); thus, if the strain has atypical characteristics, it may be difficult, if not impossible, to precisely assign the strains to the species level. Furthermore, commercial systems may offer two or more suggestions as to the species identification with comparable levels of safety. Due to the limited number of stable features that can be used for species discrimination, many taxa remain difficult to distinguish from one another and are misidentified by phenotypic tests (4) . To solve these problems, restriction fragment length polymorphism (RFLP) analysis of PCR products and a number of PCR amplicon sequencing-based methods have been reported for use for the identification of staphylococci (1, 2, 5, 10, 11, 12, 13, 14, 17, 18, 21, 22, 23, 24, 25) . This paper describes a sensitive and specific nucleic acidbased procedure that is able to differentiate 41 Staphylococcus species and subspecies, based on PCR-RFLP analysis of the dnaJ gene.
MATERIALS AND METHODS
Bacterial strains. The bacterial strains used in this study are described in Table 1 . The 47 reference Staphylococcus species and subspecies were selected from the Polish Collection of Microorganisms, the Czech Collection of Microorganisms, and the American Type Culture Collection. The clinical isolates consisted of five S. aureus strains, seven S. haemolyticus strains, three S. epidermidis strains, four S. sciuri strains, one S. vitulinus strain, one S. caprae strain, one S. cohnii subsp. cohnii strain, and one S. hominis strain that were previously identified by use of the BD Phoenix system or reference biochemical tests (3, 20) .
Chromosomal DNA isolation. Chromosomal DNAs from all staphylococcal strains were obtained from overnight cultures grown in 3 ml of brain heart infusion broth. After centrifugation of 0.5 ml of culture at 4,000 ϫ g for 10 min, the bacterial pellet was suspended in 100 l of lysis buffer (20 mM Tris-HCl [pH 8.3], 10 mM EDTA [pH 8.3], 10 mM NaCl, 5 l [1 mg/ml] of lysostaphin) and the mixture was incubated for 1 h at 37°C. The samples were then incubated for 10 min at 95°C. After a 10-min centrifugation of the mixture at 12,000 ϫ g, the chromosomal DNAs in the supernatants were used for PCR analysis.
16S rRNA gene analysis. Amplification of an 880-bp part of the 16S rRNA gene from chromosomal DNA was achieved by PCR with forward primer SSUbact-27f (5Ј-AGA GTT TGA TCM TGG CTC AG-3Ј) and reverse primer SSU-bact-907r (5Ј-CCG TCA ATT CMT TTR AGT TT-3Ј), which have been described previously (2) . The thermal cycling conditions were 5 min at 94°C for 1 cycle, followed by 30 cycles of 45 s at 94°C, 1 min at 55°C, and 1.5 min at 72°C. The last cycle was performed for 10 min at 72°C. The broad-range primers SSU-bact-27f and SSU-bact-519r (5Ј-GWA TTA CCG CGG CKG CTG-3Ј) were used for sequencing of both strands of the 5Ј ends of the 16S rRNA genes. Briefly, sequencing was performed with a total volume of 10 l containing 0.5 l of premix from the ABI Prism BigDye Terminator (version 3.0) ready reaction cycle sequencing kit (Applied Biosystems), 1.8 l of buffer (400 mM Tris-HCl, 10 mM MgCl 2 ), 10 pmol of sequencing primer, and 2 l of the cleaned PCR product. The sequencing products were purified with ExTerminator kits (A&A Biotechnology, Poland) and were analyzed on an ABI Prism 3130 genetic analyzer, as specified by the manufacturer (Applied Biosystems). For identification, the partial 16S rRNA gene sequences were compared with sequences from GenBank.
PCR-RFLP analysis of gap gene. For the identification of randomly chosen clinical isolates, PCR-RFLP analysis of the gap gene was carried out as described previously (24, 25) .
PCR-RFLP analysis of dnaJ gene. The previously described (17) dnaJ degenerate primers SA-(F) (5Ј-GCC AAA AGA GAC TAT TAT GA-3Ј) and SA-(R) (5Ј-ATT GYT TAC CYG TTT GTG TAC C-3Ј) were used to amplify the dnaJ gene fragment. The PCR mixtures were first incubated for 3 min at 94°C, followed by five cycles at 94°C for 30 s, 45°C for 30 s, and 72°C for 60 s. The mixtures were then subjected to a series of 30 cycles at 94°C for 30 s, 50°C for 30 s, and 72°C for 60 s; these were completed with a final extension at 72°C for 3 min. The presence of a PCR product was confirmed by 1% (wt/vol) agarose gel electrophoresis and visualization with ethidium bromide.
On the basis of computational restriction fragment analysis of the partial dnaJ gene sequences (GenBank database accession nos. AB234056 to AB2343089, AB234320 to AB234329, and AB234319) with the Restriction Mapper program (version 3; http://www.restrictionmapper.org), the XapI or Bsp143I restriction enzyme was chosen, as these enzymes provide species-specific restriction profiles for the majority of the staphylococcal species and subspecies. Digestions were performed with 5 l of the PCR products in a total volume of 15 l with 1ϫ reaction buffer and either 10 U of the XapI endonuclease or 10 U of the Bsp143I endonuclease (Fermentas, Lithuania) for 3 h at 37°C. The resulting fragments were separated by electrophoresis on a 2% TopVision agarose gel (Fermentas) and were visualized under UV light after ethidium bromide staining.
RESULTS
The dnaJ gene was amplified by PCR with a Staphylococcusspecific pair of primers, the specificities of which have been examined previously (17) . To see if the 47 reference Staphylococcus species and subspecies tested in this study could be differentiated, the 920-bp products amplified from these species and subspecies by PCR were digested with XapI, and the resulting fragments were separated by agarose gel electrophoresis ( Fig. 1A and B) . Thirty-five distinctive RFLP patterns were obtained for all staphylococcal reference strains. The subspecies of S. capitis, S. carnosus, S. cohnii, and S. hominis produced different RFLP patterns. However, it was not possible to differentiate between the (sub)species pairs S. auricularis and S. felis, S. caprae and S. pasteuri, S. carnosus subsp. carnosus and S. warneri, S. cohnii subsp. cohnii and S. epidermidis, S. kloosii and S. saprophyticus, and S. nepalensis and S. pettenkoferi or between subspecies of the species S. aureus, S. equorum, S. saprophyticus, S. sciuri, and S. succinus. Therefore, the 920-bp PCR-amplified products of (sub)species not discriminated by the first digestion were digested with Bsp143I, which clearly distinguished the different RFLP patterns (Fig. 2) . This second single digestion allowed the discrimination of all subspecies except for those of S. aureus, S. equorum, S. saprophyticus, S. sciuri, and S. succinus. In this way, the combination of separate digestions of the dnaJ gene with two different restriction enzymes allowed the precise identification of the 41 Staphylococcus species and subspecies.
A total of 23 clinical isolates of eight Staphylococcus species were tested to validate the results of PCR-RFLP analysis of the dnaJ gene in a clinical setting. All of these isolates were previously identified by use of the BD Phoenix system and conventional biochemical tests at the (sub)species level: five S. aureus isolates, one S. caprae isolate, one S. cohnii subsp. cohnii isolate, three S. epidermidis isolates, seven S. haemolyticus isolates, one S. hominis isolate, four S. sciuri isolates, and one S. vitulinus isolate (Table 1) . To confirm the correct phenotypic identification of the clinical isolates, definitive species identification was achieved on the basis of both the sequence data for the 16S rRNA gene and PCR-RFLP analysis of the gap gene 1A and B and Fig. 3 ), and comparison of the results of PCR-RFLP analysis of the dnaJ and gap genes and 16S rRNA gene sequencing showed that they were 100% concordant, as summarized in Table 2 .
DISCUSSION
The use of nucleic acid targets, with their high sensitivity and specificity, provides an alternative technique for the accurate identification and classification of Staphylococcus species. Gene sequence-based identification of bacteria to the species level may require resolution of the whole gene; in some cases, however, phylogenetically closely related bacterial species can- (19) . To solve this problem, it is possible to use alternative monocopy target sequences which exhibit a higher degree of divergence than that of the 16S rRNA gene. Recently, partial sequencing of the highly conserved and ubiquitous hsp60, femA, tuf, sodA, rpoB, and dnaJ genes has been considered useful for the identification and taxonomic classification of species of the genus Staphylococcus (5, 11, 12, 13, 17, 18, 23) . The dnaJ gene encodes the DnaJ protein, which is also known as Hsp40, and is a member of the heat shock protein (Hsp) family; and the dnaJ gene sequence is more discriminative than the sequences of other conserved, housekeeping genes used in the taxonomy of staphylococci. In addition, the evolutionary rate of substitution of the dnaJ sequence is much faster than that of the 16S rRNA gene sequence (17), and thus, the dnaJ gene sequence is potentially useful for the identification of genetically related species and even subspecies.
On the other hand, PCR-RFLP analysis is useful for the taxonomy of staphylococci and proves to be easier, less expensive, and less equipment dependent than sequencing. Recently, PCR-RFLP analysis of the internal transcribed spacer of the 16S rRNA gene, the intergenic spacer of the 16S-23S rRNA gene, the tuf gene, the gap gene, and the groEL gene has been developed for the identification of Staphylococcus species; but the number of species and subspecies that could be identified did not exceed 25, and these were mainly limited to the most common human and animal staphylococcal pathogens (1, 10, 14, 21, 25) . The novel method based on PCR-RFLP analysis of the dnaJ gene described here is able to increase considerably the list of species that can be precisely identified to as many as 41, including species associated with human and animal infections that could not be classified by PCR-RFLP analysis of other genes. It is worth mentioning that this method is also able to discriminate subspecies of the species S. capitis, S. carnosus, S. cohnii, and S. hominis. However, the paucity of data on the divergence of the dnaJ sequence within staphylococcal species makes it difficult to state whether this technique would not suffer the same criticism over the accurate identification of staphylococci at the species level as it was in the case of phylogenetic studies based on 16S rRNA gene sequence analysis.
To validate the utility of PCR-RFLP analysis of the dnaJ gene as an identification method, the analysis was performed with a set of clinical isolates of eight Staphylococcus species. The data for 23 clinical isolates showed that (sub)speciesspecific RFLP patterns were observed. As part of the process of validation of PCR-RFLP analysis of the dnaJ gene, the results were compared with those obtained by PCR-RFLP analysis of the gap gene and 16S rRNA gene sequencing, and a 100% concordance of the results was shown when the results for the identification of S. cohnii by 16S rRNA gene sequencing and the identification of S. sciuri and S. vitulinus by PCR-RFLP analysis of the gap gene were excluded. Genotypic identification based on 16S rRNA gene sequences has limited discriminatory power for closely related Staphylococcus (sub)spe- cies, and RFLP patterns of the gap gene have never been detected for members of the S. sciuri group. Moreover, our results showed that the BD Phoenix system misidentifies S. hominis isolates, which was consistent with the results of comparative studies on the species-level identification of CoNS (7), and this system provided incorrect identifications for S. caprae and S. cohnii subsp. cohnii isolates.
In conclusion, the present study has demonstrated that PCR-RFLP analysis of the dnaJ gene with XapI or Bsp143I digestion proved to be an adequate tool for the correct identification of almost all prevalent species and subspecies of Staphylococcus, irrespective of their phenotypic characterization. This method requires only PCR and one or two enzymes and thus is technically less demanding than the majority of other molecular approaches. PCR-RFLP analysis might be useful not only in research laboratories but also in reference laboratories. Most importantly, the method under discussion allows the correct identification of staphylococcal strains that could not be assigned to a species level or that are misidentified as related staphylococci by phenotypic tests.
